In Saccharomyces cerevisiae, the transcription factors Gln3p and Nil1p of the GATA family play a determinant role in expression of genes that are subject to nitrogen catabolite repression. Here we report the isolation of a new yeast mutant, gan1-1, exhibiting dramatically decreased NAD-linked glutamate dehydrogenase (NAD-GDH) and glutamine synthetase (GS) activities. The GAN1 gene was cloned and found to encode a 488-amino-acid polypeptide bearing no typical DNA binding domain. Gan1p is required for full expression of GLN1, GDH2 and also other nitrogen utilization genes, including GAP1, PUT4, MEP2 and GDH1. The extent to which Gan1p is required, however, varies according to the gene and to the nitrogen source available. We show that Gan1p is in fact involved in Gln3p-and Nil1p-dependent transcription. In the case of Gln3p-dependent transcription, the degree to which Gan1p is required appears to be gene specific. The contribution of Gan1p to gene expression is also influenced by the nitrogen status of the cell. We found that GAN1 is identical to ADA1, which encodes a component of the ADA /GCN5 co-activator complex. Ada1/Gan1p thus represents the first reported case of an accessory protein (a co-activator) linking the GATA-binding proteins Gln3p and Nil1p, mediating nitrogen-regulated transcription, to the basal transcription machinery.
. An exciting breakthrough in our understanding of this phenomenon, commonly termed nitrogen catabolite repression (NCR), came from the molecular characterization of four transcription factors of the GATA family: Gln3p, Nil1p/Gat1p, Uga43p/ Dal80p and Gzf3p/Nil2p/Deh1p (Cunningham and Cooper, 1991; Minehart and Magasanik, 1991; Coornaert et al., 1992; Stanbrough et al., 1995; Coffman et al., 1996; Rowen et al., 1997; Soussi-Boudekou et al., 1997a) . Gln3p and Nil1p activate expression of several nitrogen utilization genes via 5Ј-GATA-3Ј upstream activating sequences. They are most active in cells grown on poor nitrogen sources (Magasanik, 1992; Stanbrough et al., 1995; Coffman et al., 1996; Soussi-Boudekou et al., 1997a,b) . In the case of the MEP1 and MEP3 genes, however, Nil1p appears to act as a negative transcription factor (Marini et al., 1997) . In the presence of 'preferred' nitrogen sources, Gln3p-dependent expression is prevented by the non-GATA regulatory protein Ure2p: mutations in the URE2/GDHCR gene (Grenson, 1969; Drillien and Lacroute, 1972; Grenson et al., 1974) render Gln3p active even under nitrogenrepressing conditions (Courchesne and Magasanik, 1988) . The Ure2/GdhCR protein is somewhat similar to glutathione-S-transferases (Coschigano and Magasanik, 1991) and interacts in vivo with Gln3p (Blinder et al., 1996) , but the exact mechanism by which it represses Gln3p is still mysterious. The other pathway for expression of nitrogen utilization genes requires Nil1p. When 'preferred' nitrogen sources are present in the culture medium, Nil1p-mediated transcription is repressed; a lack of the GATA factor Gzf3p partially relieves this repression (Coffman et al., 1997; Rowen et al., 1997; Soussi-Boudekou et al., 1997a) . Mutation or deletion of the URE2 gene does not relieve repression of Nil1p, and conversely deletion of GZF3 does not relieve repression of Gln3p (Stanbrough et al., 1995; Coffman et al., 1996; Soussi-Boudekou et al., 1997a) . Thus, nitrogen repression seems to consist of two regulatory pathways: Ure2p inhibition of Gln3p, and Gzf3p inhibition of Nil1p. Glutamine and glutamate are the proposed respective metabolic effectors for these two pathways (Stanbrough et al., 1995) . Strikingly, yeast GATA factors regulating nitrogen metabolism form a network of crossand autoregulatory factors (Coffman et al., 1997; Rowen et al., 1997; Soussi-Boudekou et al., 1997a,b) . The physiological significance of this regulatory network is still largely unknown.
As in other eukaryotes, regulated transcription of S.
cerevisiae structural genes requires gene-specific regulatory factors and general transcription factors, the latter including RNA polymerase II, TFIIB, the TATA binding protein (TBP), and other proteins required for preinitiation complex formation at promoters (for a review, see Roeder, 1996) . In addition to these, factors of a third type, referred to as co-activators, mediators or adaptors are also required (for reviews, see Guarente, 1995; Struhl, 1995) . Groups of co-activators form large complexes in vivo, namely the SWI/SNF complex (Cairns et al., 1994; Peterson et al., 1994) , the SRB/mediator/holoenzyme complex , the ADA /GCN5 complex (Horiuchi et al., 1995 (Horiuchi et al., , 1997 and the SAGA complex (Grant et al., 1997) . These complexes are proposed to facilitate activation by several mechanisms, including remodelling of chromatin structure, bridging between activator proteins and basal factors, and antagonizing chromatin-mediated repression by weakening DNA-histone associations (for recent reviews, see Peterson, 1996; Wolffe et al., 1997) . Recently, GCN5, a component of the ADA /GCN5 and SAGA complexes, was shown to be a histone acetyltransferase . In S. cerevisiae, although several co-activators have been described as affecting transcription of many genes (i.e. the SUC2, HO, GAL, HIS, CYC1 genes) (Guarente, 1995; Struhl, 1995) , none has yet been reported to contribute to controlling expression of nitrogen-regulated genes. We here report the genetic identification of a yeast factor, Gan1p, required for normal expression of many nitrogen utilization genes. We show that Gan1p assists the positive GATA factors Gln3p and Nil1p in activating expression of these genes. Gan1p turned out to be Ada1p, a recently identified component of the ADA /GCN5 complex (Horiuchi et al., 1997) , thus representing the first reported co-activator affecting nitrogen-regulated transcription in fungi.
Results

Genetic characterization of the GAN1 gene
The gan1-1 mutation was isolated in a genetic screen designed to isolate gln3 mutants. As mentioned above, the GLN3 gene product is required for expression of numerous nitrogen utilization pathways (Magasanik, 1992) . At the time this experiment was carried out, the GLN3 gene had not yet been cloned, but gln3 mutations impairing expression of both glutamine synthetase (GS) and NADdependent glutamate dehydrogenase (NAD-GDH) had been described (Mitchell and Magasanik, 1984) . Our strategy for isolating such mutants was to mutagenize a gdh1 ¹ mutant strain lacking the NADP-dependent glutamate dehydrogenase (NADP-GDH) and to screen for mutants growing poorly on glutamate as the sole nitrogen source. The selected mutants were expected to have diminished NAD-GDH activity, the principal activity responsible for breakdown of glutamate with release of NH 4 þ (subsequently serving to form glutamine). We reasoned that chances of obtaining such mutants were greater in a gdh1
¹ background, as NADP-GDH can compensate for the absence of NAD-GDH in cells growing on glutamate (Dubois, 1974) . One mutant was isolated and crossed with the wild-type strain to produce meiotic segregants without the original gdh1 ¹ mutation. The isolated mutation alone was found to cause slow growth on glutamate. It proved recessive and monogenic, segregating 2:2 in crosses with the wild-type strain. In enzyme assays, segregants bearing the mutation displayed drastically reduced NAD-GDH and GS activities (Table 1) , a phenotype expected for a gln3 mutation. At this time, the nucleotide sequence of GLN3 was published (Minehart and Magasanik, 1991) . On the basis of this sequence, we cloned the GLN3 gene of the ⌺1278b strain and tested its ability to complement the putative gln3 mutation. No complementation was obtained. Furthermore, the mutation segregated independently of a gln3⌬ mutation. It thus appeared to define a new gene required for normal NAD-GDH and GS activities.
The mutant exhibited slow growth on several nitrogen sources, including the 'preferred' sources glutamine, NH 4 þ and asparagine. Growth was most markedly affected, however, on secondary nitrogen sources such as glutamate, urea, proline, ␥-aminobutyrate, citrulline, leucine and isoleucine. We thus tentatively named the corresponding gene GAN1 (general activator of nitrogen pathway genes). The mutant strain displayed several peculiarities distinguishing it from the wild type: poor pelleting when liquid cultures were centrifuged at low speed, a tendency to form clusters when examined by light microscopy, and formation of rough, opaque colonies on solid medium. þ transformants with the wild-type strain. Replacement of YPL254W by the LEU2 marker caused the same growth deficiencies as the initial gan1-1 mutation. After sporulation of the resulting diploids, 12 four-spore tetrads were examined. In all of these, the slow-growth phenotype and the leu2 þ phenotype were found to segregate together. The sequence of the GAN1 gene of strain ⌺1278b is identical to a sequence determined during systematic sequencing of the genome of strain S288c. This ORF has the potential to encode a 488-amino-acid protein. Overall the Gan1 protein contains a high percentage of charged residues, the first third of the protein being basic and the C-terminal part more acidic. Given a codon bias index of ϳ¹0.04, one should expect GAN1 expression to be very low. The EMBL /GenBank sequence database was searched for homologous sequences, but none was found. During preparation of this manuscript, molecular characterization of the ADA1 gene encoding a component of the ADA /GCN5 co-activator complex was reported (Horiuchi et al., 1997) . As discussed below, it turned out that ADA1 and GAN1 are one and the same gene.
GAN1 is required for proper expression of several nitrogen utilization genes
The severe growth impairment of the gan1 strain, especially on 'secondary' nitrogen sources, such as proline, urea and GABA, prompted us to compare how this strain and the wild type express the genes involved in the utilization of such nitrogen sources. We used reporter constructs containing a ␤-galactosidase gene fused to the promoter of one of the following genes: GAP1 (encoding the general amino acid permease), GLN1 (encoding GS), GDH2 (encoding NAD-GDH), GDH1 (encoding NADP-GDH), PUT4 (encoding the specific proline permease) and MEP1, MEP2, MEP3 (encoding NH 4 þ transporters 1, 2 and 3) (see Experimental procedures). ␤-Galactosidase activity was measured in wild-type and gan1⌬ cells transformed with these reporter constructs and grown on various nitrogen sources ( Table 2 ). The results show that Gan1p is required for normal expression of many of the genes tested, but to an extent depending both on the gene considered and on the nitrogen source used.
It is notable, firstly, that the gan1⌬ mutant displayed a 75% reduced level of GLN1::lacZ expression and a 90% reduced level of GDH2 ::lacZ expression when the nitrogen source was proline (lines 1, 2), and that in the NH 4 þ -grown deletion mutant expression of GLN1::lacZ was dramatically decreased (line 1). These effects are in agreement with the drastically reduced NAD-GDH and GS activities recorded in a gan1-1 mutant. Several other constructs were less actively expressed in the gan1⌬ mutant than in the wild type on at least one of the media tested. These were GDH1::lacZ (line 3), PUT4::lacZ (line 4), GAP1::lacZ (line 7) and MEP2 ::lacZ (line 8). Interestingly, the intensity of the effect of the gan1⌬ mutation appears to be gene specific. For instance, on proline medium, GAP1::lacZ expression appeared unaltered in the deletion mutant, whereas expression of the other reporter constructs just mentioned was reduced two-to threefold. Furthermore, the effect of the gan1⌬ mutation on a specific gene varies Low-copy-number plasmids bearing the indicated lacZ 0.1% proline, 20 mM NH 4 þ or 0.1% glutamate as the sole nitrogen source. The reported ␤-galactosidase activities are averages of at least two independent experiments. Variations were less than 15%. Fusions were introduced into the wild-type and gan1⌬ strains. Transformants were grown in minimal medium with either.
according to the nitrogen source of the medium: while unaltered on proline medium, GAP1::lacZ expression was substantially reduced on glutamate medium and almost abolished on ammonia medium. Also noteworthy is the effect of GAN1 deletion on expression of the MEP1::lacZ and MEP3::lacZ constructs: in these cases, gan1⌬ mutant cells displayed unaltered (NH 4 þ ) to significantly increased (proline, glutamate) expression (lines 5 and 6).
Taken together, these data suggest that deletion of GAN1 does not produce a general defect in transcription but instead specifically affects subsets of promoters. How markedly expression of a gene is affected, furthermore, is influenced by the nitrogen source provided in the culture medium.
Gan1p functions by assisting the GATA factors Gln3p and Nil1p How Gan1p controls expression of the genes tested above is difficult to predict, as this factor lacks homology with any known transcriptional regulator. Yet because the GATA transcription factors Gln3p and Nil1p are critical for expression of most of these genes, we decided to examine how an additional gan1⌬ mutation affects the behaviour of gln3⌬ and nil1⌬ mutants. We thus constructed [gan1⌬ gln3⌬] and [gan1⌬ nil1⌬] double mutants and used them as recipients to monitor expression of GAP1::lacZ and GDH2::lacZ (Table 3) . These constructs were chosen because they made it possible to distinguish Nil1p-related effects from Gln3p-related ones. Both Gln3p and Nil1p can promote high-level GAP1 expression in proline-grown cells (Stanbrough et al., 1995; Coffman et al., 1996) , but whereas GDH2 expression is severely impaired in gln3⌬ mutants, it is almost unchanged in nil1⌬ mutants (Minehart and Magasanik, 1991; Stanbrough et al., 1995) . Unfortunately, no gene was available whose transcription is activated solely or predominantly by Nil1p.
When growth was on proline, GAP1::lacZ expression was the same in the [gan1⌬ nil1⌬] double mutant as in a nil1⌬ single mutant (column 1, lines 5 and 6), but when growth was on glutamate, reporter gene expression was only about half as high in the double mutant as in the single mutant (column 2, lines 5 and 6). Hence, whether Gan1p contributes significantly to Gln3p-dependent expression of GAP1 depends on the available nitrogen source. When expression of GAP1::lacZ was examined in gln3⌬ and [gan1⌬ gln3⌬] mutants (lines 3 and 4), the gan1⌬ mutation had a marked effect, causing at least an 80% decrease in reporter gene activity on all media tested (columns 1-3). This suggests that Nil1p and Gan1p may act together to activate transcription of the GAP1 gene. This hypothesis is further supported by the almost identical, non-additive effects of the gan1⌬ and nil1⌬ deletions in cells grown on NH 4 þ or glutamate (columns 1-3, lines 2 and 5). Alternatively, Gan1p might be required for the synthesis or activity of Nil1p, or vice versa. Yet Nil1p appears to be at least partially active in gan1⌬ cells and Gan1p in nil1⌬ cells, because GAP1::lacZ is still significantly expressed in proline-grown [gan1⌬ gln3⌬] cells (column 1, line 4) and because, on glutamate, the double mutant displays only about half the expression level of each single mutant (column 2, lines 2, 5 and 6). Furthermore, expression of the GAN1 gene is not impaired in a nil1⌬ strain (not shown). Taken together, these data indicate that Gan1p is required to enable Gln3p and Nil1p to fully mediate transcription of the GAP1 gene. It appears essential to Nil1p-dependent expression of GAP1, but its contribution to Gln3p-mediated transcription of the gene is limited and depends on the nitrogen status of the cell.
Let us now consider GDH2 ::lacZ expression (Table 3) . As mentioned above, this expression is essentially Gln3p-dependent, as shown by the very low expression levels observed on glutamate or proline in the gln3⌬ mutant (columns 4 and 5, line 3) and the high levels observed in the nil1⌬ mutant (columns 4 and 5, line 5). Remarkably, further deletion of GAN1 in the nil1⌬ strain led to a dramatic decrease in GDH2 ::lacZ expression (columns 4 and 5, lines 5 and 6). Thus, on both proline and glutamate, gln3⌬ nil1⌬ < 10 < 10 < 10 < 10 < 10 < 10
Low-copy-number plasmids bearing the indicated lacZ fusions were introduced into the wildtype and the indicated mutant strains. Transformants were grown in minimal medium with either 0.1% proline, 20 mM NH 4 þ or 0.1% glutamate as the sole nitrogen source. The reported ␤-galactosidase activities are averages of at least two independent experiments. Variations were less than 15%.
Gan1p is required for Gln3p-dependent expression of the GDH2 ::lacZ gene, in contrast to our findings concerning GAP1::lacZ. Consistently, deletion of GLN3 and deletion of GAN1 had similar effects on GDH2 ::lacZ expression (columns 4 -6, lines 2-4). Hence, Gan1p and Gln3p may participate in the same transcription-activating pathway in the context of the GDH2 promoter. That Gan1p might function indirectly by controlling the expression or the activity of Gln3p is unlikely, because expression of a GLN3 ::lacZ gene is not impaired in the gan1⌬ strain (not shown) and Gln3p is active in this strain as shown, for instance, by its ability to activate transcription from the GAP1::lacZ reporter in the gan1⌬ strain (Table 3 , columns 1 and 2, lines 2 and 4).
In conclusion, Gan1p appears to contribute to both Gln3p-and Nil1p-dependent transcription, but the extent of its contribution depends on the gene considered and on the nitrogen status of the cell.
In a next set of experiments, we constructed [gan1⌬ gzf3⌬] and [gan1⌬ ure2 ] double-mutant strains and used these and the single mutants to monitor expression of the GAP1::lacZ and GDH2::lacZ genes (Table 4) . As mentioned above, Ure2p is required for nitrogen catabolite repression (NCR) (Grenson, 1969; Drillien and Lacroute, 1972; Grenson et al., 1974) of Gln3p-dependent expression ( Courchesne and Magasanik, 1988) , and the GATA factor Gzf3p participates in NCR of Nil1p-dependent transcription (Coffman et al., 1997; Rowen et al., 1997; Soussi-Boudekou et al., 1997a) . In ure2 cells, expression of GDH2::lacZ is derepressed (columns 3 and 4, lines 1 and 3), but in the [gan1⌬ ure2 ] double mutant expression of this gene is very low (columns 3 and 4, lines 3 and 4). Similarly, derepressed expression of GAP1::lacZ in gzf3⌬ cells is abolished upon further deletion of the GAN1 gene (column 2, lines 5 and 6). This indicates that Gan1p, rather than preventing Ure2p or Gzf3p from inhibiting Gln3p-and Nil1p-mediated transcription during growth on a poor nitrogen source, more probably acts as a co-activator of Gln3p-and Nil1p-activated transcription. In ure2 mutant cells grown on NH 4 þ , GAP1::lacZ expression is Gln3p-dependent. (Stanbrough et al., 1995; Coffman et al., 1996 ; S. Soussi-Boudekou and B. André , unpublished). Strikingly, this expression is drastically reduced upon further deletion of GAN1 (columns 1 and 2, lines 3 and 4). In other words, Gan1p seems also to be required to enable Gln3p to activate transcription at the GAP1 promoter on NH 4 þ once repression by Ure2p is released. Finally, we examined the role of Gan1p in transcription mediated by UAS GATA , a cluster of 5Ј-GAT(A / T)AG-3Ј sequences identified upstream from the GABA-inducible UGA4 gene encoding the specific GABA permease (André et al., 1993 . Through this sequence Nil1p and, to a lesser extent, Gln3p are potentially able to activate expression of the permease gene on proline medium, but this effect is counteracted by the negative GATA factor Uga43p (Soussi-Boudekou et al., 1997a) . The lack of Uga43p in proline-grown cells results in marked derepression of UAS GATA -mediated transcription. If uga43⌬ cells further lack the negative GATA factor Gzf3p, Nil1p is also able to activate high level of UAS GATA -supported transcription in NH 4 þ -grown cells. As Gan1p is thought to co-activate Nil1p-dependent transcription, deletion of the GAN1 gene was expected to reduce UAS GATA -driven expression. We thus produced mutants lacking one, two or all three of the genes GAN1, UGA43 and GZF3 and monitored UAS GATA -supported expression in these mutants (Table 5 ). The results confirm this expectation: the low level of UAS GATA -dependent expression monitored in UGA43 þ cells is lower upon deletion of GAN1 (columns 1 and 2, lines 1 and 2). In the [uga43⌬ gzf3⌬] background, deletion of GAN1 causes a drastic decrease in UAS GATAsupported expression (columns 1 and 2, lines 4 and 5). That Gan1p plays a major role in UAS GATA -dependent expression is further evidence in support of the view that it acts as a co-activator of Nil1p-activated transcription.
GAN1 is identical to ADA1, a component of the ADA /GCN5 transcriptional co-activator complex Ada2p, Ada3p/Ngg1p, Ada5p/Spt20p and Gcn5p/Ada4p represent a class of well-studied transcriptional co-activator proteins (Guarente, 1995) . It has been argued that the Ada proteins might link the activation domains of activator proteins to the general transcription machinery (Berger et al., 1992) . This view is supported by biochemical data showing that Ada2p interacts directly with the activation domains of VP16 and Gcn4p and indirectly with TBP (Silverman et al., 1994; Barlev et al., 1995) . Many Ada proteins also interact with each other, forming a protein complex in vivo (the ADA /GCN5 complex) (Marcus et al., 1994; Horiuchi et al., 1995; Candau and Berger, ᮊ 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 753-762 Low-copy-number plasmids bearing the indicated lacZ fusions were introduced into the wild-type and different mutant strains. Transformants were grown in minimal medium with either 0.1% proline or 20 mM NH 4 þ as the sole nitrogen source. The reported ␤-galactosidase activities are averages of at least two independent experiments. Variations were less than 15%. 1996). This complex functions as an adaptor (co-activator) for a subset of acidic activators (Berger et al., 1992; Pina et al., 1993; Wang et al., 1995) . More recently another protein, Ada1p, was identified as a component of the ADA / GCN5 complex and shown to interact with all the other Ada proteins in the complex (Horiuchi et al., 1997) . The ADA1 gene is identical to GAN1, thus corroborating our view that Gan1p acts as a co-activator with GATA factors Gln3p and Nil1p . The ADA /GCN5 co-activator complex would thus seem to be required to co-activate Gln3p-and Nil1p-activated transcription of nitrogen utilization genes.
Discussion
Genetic and biochemical studies on the yeast S. cerevisiae have led to identifying a number of transcriptional co-activator proteins such as the Swi-Snf, Ada and Srb proteins (for a review, see Guarente, 1995) . The role of such proteins in nitrogen-regulated transcription remains unexplored to date. By analysis of a mutation leading to reduced NAD-glutamate dehydrogenase and glutamine synthetase activities, we have characterized GAN1 as a factor required for proper nitrogen-regulated transcription. Mutations in GAN1 cause slow growth on various nitrogen sources and diminished expression of many nitrogen utilization genes, including GLN1, GDH2, GDH1, PUT4, GAP1 and MEP2. Gan1p contributes variably, however, to expression of these genes, according to the gene considered and to the available nitrogen source.
The predicted sequence of Gan1p provides few clues to its mechanism of action. It notably possesses a long N-terminal basic domain, with Ϸ25% lysine and arginine residues, and a C-terminal acidic domain, with Ϸ25% aspartate and glutamate residues. Flanking the basic domain C-terminally, there are several regularly spaced leucine and methionine residues that may play a role in protein-protein interactions. These sequence features led us to suspect that Gan1p might contribute to activating gene expression by protein-protein interactions rather than by direct binding to DNA. Accordingly, GAN1 turned out to be ADA1, a recently identified component of the ADA /GCN5 complex comprising four additional proteins, Ada2p, Ada3p/Ngg1p, Ada5p/Spt20p and Gcn5p/Ada4p (Horiuchi et al., 1997) . In yeast, mutations in proteins of this complex all result in slow growth and reduced transcriptional activation (Berger et al., 1992; Pina et al., 1993; Marcus et al., 1996; Horiuchi et al., 1997) . Ada1p would appear to have an even broader role than Gcn5p, Ada2p and Ada3p. Horiuchi et al. (1997) report that ada1⌬ cells display, like the other ada⌬ mutants, reduced transcription from reporter constructs binding the activators Hap1p, Hap2/3/4/5 and Gcn4p, but they also display reduced expression from an ADH1 reporter gene construct. Our results add the GATA factors Gln3p and Nil1p to the list of transcriptional activators potentially requiring the assistance of the ADA /GCN5 co-activator complex. How the ADA /GCN5 complex functions is not fully understood, but it is believed to act as an adaptor, i.e. to mediate interactions between acidic activators and general transcription factors (e.g. TBP) (Silvermann et al., 1994; Barlev et al., 1995) . The Gln3p and Nil1p factors contain homologous C-terminal acidic domains probably involved in transcriptional activation (Coffman et al., 1996) . That Ada1p/Gan1p assists these two factors in activating expression of nitrogen utilization genes indicates that the ADA /GCN5 complex may be needed to promote contact between the activation domains of Gln3p and Nil1p and the basal transcription machinery.
We have analysed separately the role of Ada1p/Gan1p in Gln3p-activated and Nil1p-activated transcription. In all the cases tested, Nil1p seems unable to activate transcription in the absence of Ada1p/Gan1p. This suggests a functional link between Ada1p/Gan1p and Nil1p. On the other hand, in proline-grown cells, strikingly, Ada1p/ Gan1p appears essential to Gln3p-dependent transcription of GDH2 but not of GAP1. Its role in Gln3p-dependent transcription thus appears promoter specific. Unexpectedly, the importance of Ada1p/Gan1p in Gln3p-dependent expression seems also to depend on the nitrogen source provided. Thus, Gln3p-dependent transcription from the GAP1 promoter is reduced by half in ada1/ gan1⌬ cells grown on glutamate, contrarily to proline, and it is abolished in [ure2 ada1/gan1⌬] cells grown on NH 4 þ . Recently, Ure2p was reported to interact in vivo with Gln3p (Blinder et al., 1996) , probably interfering with the ability of Gln3p to activate transcription. It is noteworthy, in this respect, that the gan1⌬ mutation is epistatic ᮊ 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 753-762 Expression of the UAS GATA -CYC1-lacZ reporter gene carried on a low-copy-number plasmid was monitored in the wild-type and the indicated mutant strains. UAS GATA , of sequence 5Ј-cGATAAgcGATAAgcGATTAgcGATAAgc-3Ј derives from the UGA4 gene encoding the specific ␥-aminobutyrate permease. Cells were grown on minimal medium with 0.1% proline or 20 mM NH 4 þ as the sole nitrogen source. The reported values are the means of at least two independent experiments. Variations were less than 15%. Expression of the CYC1-lacZ gene without insertion of the upstream UAS was monitored once in each strain. In all cases values were < 10.
over the ure2 mutation. Ure2p might thus inhibit the action of Gln3p by preventing its interaction with Ada1p/Gan1p or by rendering the hypothetical Ada1p/Gan1p-Gln3p complex unable to activate transcription.
Several transcriptional co-activators have also been identified as being required for gene repression. Co-activator complexes may thus have an additional role in gene repression. The Ada3p/Ngg1 protein, for example, has been shown to repress Gal4p-regulated transcription (Brandl et al., 1993) . Here we have seen that deletion of ADA1/GAN1 results in significantly higher MEP1::lacZ and MEP3 ::lacZ expression (Table 2) . It also results in increased arginase (CAR1) activity (E. Dubois and F. Messenguy, personal communication) . This negative action of Ada1p/Gan1p again depends on the nitrogen source provided in the culture medium. Deletion of NIL1 affects MEP1::lacZ and MEP3 ::lacZ expression in a manner similar to deletion of ADA1/GAN1 (Marini et al., 1997) , again suggesting a functional link between Ada1p/Gan1p and Nil1p. The ability of Ada1p/Gan1p to either stimulate or repress potentially activated transcription suggests that it may play a role in the differential regulation of Nil1p activator function, perhaps in response to changes in nitrogen status.
In conclusion, Ada1p/Gan1p is important for the activity of Gln3p and Nil1p, the key transcriptional activators of nitrogen utilization genes. To our knowledge, it is the first protein identified as a co-activator of nitrogen-regulated transcription. It is reasonable to assume that other components of the ADA /GCN5 complex play critical roles in the transcription of nitrogen pathway genes. In particular Gcn5p, the component of the complex possessing histone acetyltransferase activity may play a determining role in Gln3p-and Nil1p-dependent transcription. Knowledge of the mechanisms through which these factors govern Gln3p-and Nil1p-activated transcription will certainly shed new light on the molecular mechanisms of nitrogen catabolite repression.
Experimental procedures
Strains and media
All S. cerevisiae strains used in this study (Table 6) were derived from the wild-type ⌺1278b. Cells were grown on minimal medium (Jacobs et al., 1980) with 0.1% proline, 10 mM (NH 4 ) 2 SO 4 or 0.1% glutamate as the sole nitrogen source. Leucine was added to 50 mg ml ¹1 to allow growth of leu2 mutant strains. Yeast cells treated with lithium acetate (Ito et al., 1983) were transformed with plasmid DNA according to Sherman et al. (1986) . The gan1-1 strain was obtained by mutagenesis with ethyl methanesulphonate according to Lindegren et al. (1965) .
Isolation of a gan1⌬::LEU2 deletion mutant A 2kb Acc I-AvaI fragment of the original 6.4 kb plasmid bearing the GAN1 gene and used for sequencing it was subcloned into the pFL38 plasmid (Bonneaud et al., 1991) . The resulting plasmid was cut with ClaI and SpeI on one hand, ClaI and Pvu 2 on the other, and the ClaI-SpeI and ClaIPvu 2 fragments were purified and ligated to a 2.8 kb XbaISmaI fragment bearing the LEU2 marker gene. The resulting plasmid was cut with Pvu 2 and Bgl 2 to excise the LEU2 fragment flanked by GAN1 sequences. This fragment was used to transform the leu2 ura3 strain 27033d. Among the Leu þ transformants, those with deletion of GAN1 were identified by PCR.
Plasmids
All the plasmids used carry the URA3 selectable marker, thus complementing the uracil auxotrophy of all the strains used in this study. The GAP1::lacZ, MEP1::lacZ, MEP2 ::lacZ, MEP3 ::lacZ and YCpUAS GATA -CYC1::lacZ plasmids have been described (Marini et al., 1994; André et al., 1995; Soussi-Boudekou et al., 1997a was constructed by replacing the Hin dIII-BamHI fragment of plasmid YCpUGA4 ::lacZ (André et al., 1993 ) with a PCRamplified fragment spanning nucleotides ¹947 to þ17 with respect to the ATG initiation codon of GDH2. The GDH1::lacZ and GLN1::lacZ fusion constructs were isolated in a similar way after PCR amplification of fragments spanning nucleotides ¹921 to þ17 and ¹894 to þ17 with respect to the ATG initiation codon of GDH1 and of GLN1 respectively. All DNA fragments cloned by PCR were sequenced to verify their accuracy.
NAD-glutamate dehydrogenase and glutamine synthetase
The NAD-glutamate dehydrogenase and glutamine synthetase activities were measured according to Boehringer (1968) and Legrain et al. (1982) respectively.
␤-Galactosidase assays
␤-Galactosidase was assayed as previously described (André et al., 1993) . To obtain good reproducibility of activity values, it was important to grow cells on a buffered minimal medium (Jacobs et al., 1980) and to prepare extracts from exponentially growing cells that had reached the state of balanced growth (Wiame et al., 1985 and references therein) . The values presented in the tables are means of two to three independent experiments. Enzyme activities are expressed in nmoles of o-nitrophenol formed min ¹1 mg ¹1 protein. Protein concentrations were measured by the method of Lowry et al. (1951) , using BSA as the standard.
